Very rapid rates of gene conversion were observed between duplicated a-amylase-coding sequences in Drosophila melanogaster. This gene conversion process was also seen in the related species Drosophila erecta. Specifically, there is virtual sequence identity between the coding regions of the two genes within each species, while the sequence divergence between species is close to that expected based on their phylogenetic relationship. The flanking, noncoding regions are much more highly diverged and do not appear to be subject to gene conversion. Comparison of amylase sequences between the two species provides a clear demonstration that recurrent gene conversion does indeed lead to the concerted evolution of the gene pair.
There is considerable evidence that the members of gene families evolve in a nonindependent, or concerted, fashion (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . Here, we describe a striking example of concerted evolution, resulting from the interconversion of a pair of linked genes. Specifically, we present DNA sequence data from two closely linked enzyme-coding genes, from each of two closely related species of Drosophila. The alignment of these four sequences provides a straightforward comparison of within-species and between-species patterns of sequence divergence. The results provide a simple but convincing example of (i) rapid gene conversion between the duplicated genes within each species and (ii) concerted evolutionary divergence of the gene pairs between species. Moreover, we can identify a distinct boundary between the coding sequences that are undergoing concerted evolution, and the flanking sequences that are evolving independently. This system is exceptional because the conserved gene arrangement is such that it maximizes the rate of gene conversion and, consequently, it enables us to get a relatively complete description of the evolutionary dynamics. Thus, it provides a link between laboratory experiments that show the possibility of gene conversion (16) (17) (18) , on the one hand, and long-term evolutionary patterns of concerted evolution among gene families, on the other hand. Often, the long-term patterns are difficult to interpret, whereas the evolutionary relevance of the short-term experiments can easily be questioned. The time scale, in the case of the data reported here, -15 million years (19, 20) , is long enough for the observation of recurring evolutionary events, but it is short enough to facilitate an unambiguous interpretation of the results. Consequently, we can think of these duplicated Drosophila genes as a "natural experiment" in molecular evolution.
The genes that we examined encode a-amylase enzymes and they have already been studied extensively at the molecular level in both Drosophila (21, 22) and mammals (23) . a-Amylase enzymes of Drosophila melanogaster are encoded by a pair of closely linked, glucose-repressible genes located on the right arm of the second chromosome (24, 25) . These genes are divergently transcribed and the transcriptional start sites are =4 kilobases apart (26) . In many Drosophila strains, the products of the two genes are electrophoretically distinguishable; moreover, there are high levels of allozyme and restriction polymorphism found in natural populations (27) (28) (29) .
The work described here follows from our earlier observations on the degree of sequence divergence between the duplicated amylase genes (26) . In using these sequences to estimate the time since the duplication event, we encountered a paradox-namely, that the duplication appeared to be very recent ifone compared only the duplicated coding sequences, whereas the amount of sequence divergence was much greater (and the estimate of the time since duplication was consequently much longer) if we considered only the flanking upstream regions. Subsequent genomic Southern blot analyses of several related Drosophila species indicated that the duplication was indeed older than the estimate provided by the comparison of the duplicated coding sequences and that it predated the speciation events within the species subgroup (30) . This suggested the possibility of concerted evolution of the duplicated structural genes. The results reported here confirm this suggestion. First, the comparison of duplicated amylase sequences within D. melanogaster demonstrates the effects of gene conversion between the two coding regions; second, the comparison of these sequences with the homologous regions in Drosophila erecta shows that gene conversion can indeed lead to concerted evolution of the gene pair.t
MATERIALS AND METHODS
The isolation and characterization of the amylase clones discussed here have been described in detail elsewhere (26, 31, 32) . DNA sequences were obtained by the dideoxynucleotide chain-termination technique (33) using customsynthesized oligonucleotide primers and the LKB Macrophor electrophoresis equipment. The sequences were assembled and analyzed with a sonic digitizer and the Microgenie (Beckman) computer programs (34) .
RESULTS
The arrangement of the duplicated amylase sequences in D. melanogaster is shown in Fig. 1A , and the pattern of sequence divergence between the duplicated gene copies is illustrated in Fig. 1B ; the sequences that span the junctions of the coding and flanking regions are aligned in Fig. 1C . Essentially, these sequences are very similar over the entire coding sequence (i.e., between the ATG and TAA codons *To whom reprint requests should be addressed.
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Comparison of the duplicated amylase-coding genes in D. melanogaster. (A) Arrangement of the duplicated coding sequences. The two genes (arrows) are -4 kilobases apart (24) and are divergently transcribed (26) . The proximal and distal gene copies (24) (26) is indicated by an arrow. The polyadenylylation site is indicated by an arrowhead. Sequence identities are indicated by dashes; gaps are shown as asterisks. marked in Fig. 1B ), but the similarity drops off very quickly both upstream and downstream of the coding region (see Fig.  1 (30, 36) . The estimated time since the divergence of D. melanogaster and D. erecta is 15 million years (19, 20) . The first piece of evidence for concerted evolution of the duplicated genes came from patterns of restriction map divergence between the two species. For instance, a BamHI restriction endonuclease site that is present in both genes ofD. melanogaster is absent from both gene copies in D. erecta (see Fig. 1A ). A comparison of the amylase coding region of D. melanogaster with the duplicated coding sequences of D. erecta provides compelling evidence for the concerted evolution of these duplicated genes (see Fig. 2 ). For of these are shared by the two D. erecta genes; i.e., all but one of the nucleotide substitutions that have occurred since the species divergence have been incorporated into both gene copies of D. erecta. In both species, the proximal and distal gene sequences are highly divergent in the upstream nontranscribed region; the level of sequence similarity increases very rapidly, however, downstream of the transcription initiation points (Figs. 1C and 2, arrows) .
--------------------------------X------------------------------------------
The interspecific sequence divergence between the coding regions (4.25%) is greater than the divergence between gene copies within a species (1%); it reflects the independent evolution of the two complexes since the speciation event, coupled with the effects of stabilizing selection acting on the coding capacity. The number of silent substitutions between the species (9.3%) and the divergence between homologous flanking sequences (-15%) give an estimate of the interspecific divergence in the absence of selection. These values are consistent with what one would expect for the neutral rate of substitution. The much higher levels of divergence between the nontranscribed flanking sequences of the two gene copies within a species (40-60%; see Fig. 1B ) reflects the fact that the duplication of the amylase genes predated the speciation of D. melanogaster and D. erecta. Finally, the very low levels of sequence divergence between the duplicated coding regions within both species (1% or less) reflects the action of gene conversion; note that the rate ofgene conversion is high Evolution: Hickey et al.
Proc. Natl. Acad. Sci. USA 88 (1991) enough to maintain near-identity of the duplicated coding sequences, despite the considerable evolutionary age of the duplication. Gene conversion is not, however, so rapid as to homogenize naturally occurring chromosomes carrying distinct proximal and distal coding sequences that are stable for many generations, as is evident from the distinct allozymic patterns of the duplicated genes (37) . These data do not allow us to get very exact measurements of the frequency of gene conversion events; there have been either many events involving portions of the coding region or few events involving the entire coding region within both lineages during the period since the species divergence.
DISCUSSION
We propose that the duplicated amylase coding sequences can loop over to facilitate mitotic (or meiotic) recombination and gene conversion through heteroduplex repair. This is essentially the model described for the Drosophila heat shock genes (38) . Direct evidence for such a mechanism comes from the observation that an amylase mutant isolated from a natural population has an inversion of the intergenic region (39, 40) , indicating that recombinational exchanges between the duplicated coding regions do, in fact, occur. The observation that the coding sequences are converted, but not the flanking sequences, suggests that the conservation of these sequences for their coding capacity maintains their similarity at a level sufficient for a state of susceptibility to gene conversion; the flanking sequences have been able to "escape" this effect (41) and so continue to diverge. An alternative possibility, but one we believe to be less likely, is that there is a process of retrotransposition of cDNA copies ofone gene that replaces the coding sequence of the second gene. Although the molecular mechanisms underlying these processes in Drosophila may be very similar to those involved in the classic examples of gene conversion in fungi, the genetic consequences are not; this is because the interaction here is between two copies of a gene on the same chromosome rather than between single-copy genes on different chromosomes.
Recent experiments have shown that there is a bias in heteroduplex repair that favors the formation of G-C base pairs (18) . The results of those experiments suggest that, during the course of evolution, duplicated sequences that undergo repeated rounds of gene conversion would become increasingly G+C-rich. This latter effect would inevitably bias the codon usage within such genes. The genes described here bear out these predictions. The third codon positions within the Drosophila amylase genes show an extreme G-C bias (almost 90% GEC), in contrast to the third codon positions of the homologous sequences in other insect species, such as Tribolium castaneum, where the third codon position of the homologous gene is z50% G-C (22, 42) .
Gene conversion is an unbiased process in that it may propagate a new mutation into the second gene copy or, alternatively, it may equally well eliminate a mutation by converting it back to the nonmutant sequence. Thus, it does not affect the average rate of accumulation of mutations in the population, nor will it affect the average rate of neutral substitution. The average genetic distance between amylase variants segregating in a population should also remain unchanged. The most obvious predicted effect of this kind of gene conversion is that the variance in the genetic distance between allelic variants will be doubled-i.e., although intrachromosomal gene conversion tends to homogenize gene copies on the same chromosome in the longer term, it can either increase or decrease the sequence differences between homologous genes on different chromosomes in the shorter term. In practice, this means that a survey of amylase sequences in natural populations should reveal a wide variety of genetic distances between allelic variants, with some pairs of variants showing very few differences while other pairs are relatively widely divergent. Our preliminary data indicate that this is indeed the case (refs. 26 and 31; unpublished observations).
Several previous examples of concerted evolution are based on a mechanism of unequal crossing-over between tandemly repeated gene clusters (2, 4, 5, 8, 9, (43) (44) (45) (46) . A major difference between the outcome ofunequal crossing-over and the gene conversion mechanism illustrated here is that unequal crossing-over results in the homogenization of the intergenic regions as well as the coding regions (45) . Gene conversion tracts may, or may not, include some flanking noncoding sequences (12, 13) . Another major difference is that unequal crossing-over can accelerate fixation rates in addition to homogenization rates (7, 47) . The gene conversion process described here is very effective in homogenizing the members of a gene family; but other processes, such as biased gene conversion (48, 49) or replicative transposition (50) (51) (52) , would be required to speed the incorporation of particular mutant types into the population.
In summary, our results clearly demonstrate the homogenization of gene copies on the same chromosome and the consequent concerted evolution of the gene pairs; a question that remains is whether a similar homogenization phenomenon occurs between homologous sequences on separate chromosomes. If interchromosomal gene conversion were also occurring, then mutations that occurred on a given gene copy could be propagated not only into the second gene copy on the same chromosome, but also further propagated into either gene copy on another chromosome. Although some interallelic sequence comparisons are already available, a much larger data set will be necessary to provide conclusive evidence for interchromosomal conversion of these genes, in addition to the high rate of intrachromosomal gene conversion reported here.
